Province, China. This bacterium showed broad-spectrum antifungal and antibacterial activities. The medium that was necessary for the production of antifungal active substances from S. hygroscopicus BS-112 was optimized by the Plackett-Burman design (PBD) and response surface methodology (RSM). Initially, glucose, soybean powder and KH 2 PO 4 were tested using the PBD and were found to be important factors that affected the production of active substances. The steepest ascent method was then used to determine the optimal region of each factor to include in the medium. The concentrations of important factors were subsequently optimized by using a central composite design (CCD). The results obtained demonstrated that the optimal media was composed of the following factors (g/l): corn meal, 5.00; glucose, 18.61; soybean powder, 31.15; KH 2 PO 4 , 0.38 and MgSO 4 , 0.85. This optimization strategy enhanced the production of active substances nearly 2.8 times (4956.28 µg/ml) compared to the yield of active substances that were produced using the basal medium. The antifungal active substances showed strong antimicrobial activity against Aspergillus flavus with minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) values of 3.13 and 6.25 µg/ml, respectively.
INTRODUCTION
It is well known that the genus Streptomyces is widely distributed in nature and is a source of antibiotics and pharmaceutically useful compounds (Han et al., 2008) . About 75% of commercially and medically useful antibiotics are produced by different Streptomyces species (Miyadoh, 1993) . Many novel antibiotics with several unique structures that have been isolated from Streptomyces have been attracting growing interest due to the development of environmentally friendly and safe *Corresponding author. E-mail: xlliu@sdau.edu.cn. Tel: +86 538 8249131. Fax: +86 538 8249164. integrated crop management (Yu et al., 2008) . For example, meilingmycin produced by Streptomyces nanchangensis possessed potent broad-spectrum anthelmintic, insecticidal and acaricidal activites (Zhang et al., 2006) . Likewise, fungichromin exhibited a broad spectrum of disease resistance against plant pathogens and was shown to have the potential to act as a new biocontrol agent (Wu et al., 2008) . It remains important to discover new compounds from Streptomyces for drug development. During the course of screening producers of antimicrobial agents, an active strain of Streptomyces hygroscopicus BS-112 was isolated from forest land on Mountain Tai, Shandong Province, China. The culture broth of this bacteria strain was shown to have broad spectrum antibacterial and antifungal effects against both pathogenic bacteria (Escherichia coli, Staphylococus aureus, Psudomonas solanacearum, Salmonella pullorum, Pseudomonas syringae, and Erwinia amylovora, among others) and fungi (Aspergillus flavus, Aspergillus niger, Aspergillus alutaceus, Botrytis cinerea and Candida albicans among others). It was later shown that the antibacterial substance in the culture broth was a novel neutral polysaccharide with an average molecular weight of about 2284 Da (measured by high-performance gel permeation chromatography). However, the antifungal substances in the culture broth were tetraene macrolide antibiotics, with three characteristic absorption peaks at 320.0, 305.0 and 291.0 nm. Thus, two distinct types of active compounds were identified in the culture broth from S. hygroscopicus To the best of our knowledge, information pertaining to the production of antibacterial and antifungal substances by S. hygroscopicus was scarce. The fermentation characteristics of strain BS-112 are well defined, and the yield and activity of antifungal substances produced by strain BS-112 are both high and stable. Together, these characteristics are critical for the successful cultivation engineering that is required for the industrial production of the antifungal active substances produced by S. hygroscopicus BS-112 and are useful for further applications. The antifungal active substances were initially purified and obtained by a series of separation procedures. Interestingly, four distinct types of active antifungal compounds were identified as teraene macrolide antibiotics which were shown to exhibit an especially strong activity against yeasts and molds. These antibiotics displayed effective antifungal activities and also prevented the production of mycotoxins. The active substances have both a low solubility and low toxicity against mammalian cells. Therefore, these substances have a broad range of applications as veterinary drugs and for food and feed preservation. Due to the broad public interest in these antibacterial and antifungal substances, we investigated the optimum conditions for the fermentation medium used in the production of these active substances by S. hygroscopicus BS-112. Conventionally, a fermentation medium is optimized one variable at a time. This approach is time consuming, expensive and unmanageable when large numbers of variables have to be investigated. Also, this method cannot depict the combined effect of multiple factors (Abdel et al., 2005) .
Experimental designs that are based on statistics can eliminate the limitations of single factor optimization and provide information about the optimum concentrations of various medium ingredients to facilitate the maximum production of active substances (Zeng et al., 2006; Mao et al., 2007) . The Plackett-Burman design (PBD) is applied for the selection of the medium components that can be used to screen the most effective variables and their significant levels (Han et al., 2008) . The response surface methodology (RSM) is a collection of statistical techniques that can be used to design experiments, build models, evaluate the effects of various factors and search the optimum conditions for the factors to achieve the desired responses (Varela et al., 1997; De et al., 2000) . This method is a powerful mathematical approach which has been successfully applied in the optimization of other fermentation processes including: media components associated with enzyme production (Seyedeh et al., 2008; Chen et al., 2010; Tiwary and Gupta, 2010) , the production of metabolites (Zhu et al., 2007; Wang and Liu, 2008; He et al., 2009 ), spore production (Yu et al., 1997) , and biomass production and optimization (Tari et al., 2007) .
The aim of the present study was to optimize the medium components to maximize the production of polyene macrolide antibiotics from S. hygroscopicus BS-112 and to reduce the cost of medium. The one-variableat-a-time experimental procedures were used to select the medium components that were supposed to have the greatest effects on antibiotic production. And the PBD, the path of steepest ascent and the central composite design (CCD) models were used to evaluate the effective factors, study their interactions and select the optimum medium conditions.
MATERIALS AND METHODS

Microorganism
The strain BS-112 was identified as a member of the Streptomyces genus by 16S rDNA sequencing (GenBank accession no. EU529841). The bacteria was stored at the China General Microbiological Culture Collection (CGMCC) and was assigned the accession number CGMCC 3504. The A. flavus (CGMCC 3.2890) strain used in the study was provided from Academy of State Administration of Grain. The cultures were maintained on modified potato dextrose agar slant at 4°C and the cultures were either transferred every three months or kept in glycerol suspension (20%, v/v) at 70°C for one year. The modified potato dextrose agar medium contained potato (200.0 g), glucose (20.0 g), (NH4)2SO4 (1.0 g), MgSO4 (1.0 g) and agar (17.5 g) in 1 L of distilled water.
Animals
Healthy male and female Kunming mice weighing 18 to 22 g each were purchased from Research Center of Laboratory Animals, Shandong Academy of Medical Sciences. They were bred in the animal facility, and the mice were housed in a temperature-(22 to 24°C; 12 h light/dark cycle) and humidity-(50 to 60%) controlled environment with free access to water and food. All animals were allowed to acclimate for at least 5 days prior to oral administration.
Inoculum preparation and culture conditions
For the production of the inoculum, the bacteria strain was transferred from a slant culture into an Erlenmeyer flask (250 ml) containing 50 ml seed medium which was the same as the aforementioned slant medium (without agar). The seed cultures were grown at 29°C on a rotary shaker incubator at 200 rpm for 48 h. Inoculum (10%, v/v) was transferred into a 250-ml Erlenmeyer flask containing 50 ml of the basal fermentation medium and incubated for 84 h at 29°C on a rotary shaker at 200 rpm. The basal medium was composed of (g/l): glucose, 15.0; peptone, 25.0; MgSO4, 0.7 and KH2PO4, 0.4; and the initial pH was adjusted to 7.5. All of the media was autoclaved at 121°C for 15 min. Triplicate experiments were carried out and the mean value of these experiments was calculated.
Analytical methods
The culture was harvested following 84 h of incubation which coincided with the maximum culture activity, heated at 100°C for 10 min and then the cooled culture was centrifuged at 9500 × g for 10 min. The supernatant was assayed by the ultraviolet absorption method for quantification (Song et al., 2000) . The absorption of the appropriately diluted test sample was measured at 320 nm using a UV spectrophotometer. The potency was determined by the following standard equation that had been validated: y = 0.0104x + 0.012 (R 2 = 0.9998, where y equals the potency of the antifungal antibiotics and x equals the absorption of the active substances).
Selection of carbon and nitrogen sources
The carbon source (glucose) from the basal medium was replaced by glycerol, lactose, sucrose, maltose and mannitol at the equivalent carbon levels. To evaluate the optimum nitrogen source, peptone was replaced by an equivalent amount of organic nitrogen sources (yeast extract, beef extract and soybean powder) and inorganic nitrogen sources (ammonium sulphate, ammonium chloride, ammonium nitrate and sodium nitrate).
Plackett-Burman design
The present study was designed to screen important medium components that effect the production of antifungal active substances. The Plackett-Burman design (Plackett and Burman, 1946 ) is a very useful tool for this type of study and can be used to screen "n" variables in "n+1" number of experiments (Rama et al., 1999; Ghanem et al., 2000) . This design allows a tremendous decrease in the total number of experiments, especially when the investigator is faced with a large number of factors and is unsure which settings are likely to be associated with optimum responses. In the current study, the selected carbon source (glucose) and nitrogen source (peptone) were further optimized together with two additional variables, MgSO4 and KH2PO4. The experimental design is shown in Tables 1 and 2 . Each variable was set at two levels, either high or low, which are respectively denoted by either (+1) or (1). The high levels of the components were equal to 1.25 times the low levels of the components (Table 1 ). The design of the matrix (Table 2 ) was developed using Minitab for Windows Release 13.32 (Minitab Inc., USA) software.
Path of steepest ascent
The method of steepest ascent was adopted to determine a suitable direction by increasing or decreasing the concentrations of variables according to the sign of the main effects to improve production. The factors that were screened using the PBD were further optimized using the steepest ascent method to lead the experimenter towards the vicinity of the optimum surface. The path of the steepest ascent started from the zero level of chosen variables in the PBD. Based on the results of the starting experiments, a series of exploratory runs were performed. The point where the path of steepest ascent reached its plateau would be near the optimal point and could be used as the center point to optimize (Tang et al., 2004) .
Central composite design (CCD)
Once the ranges of relevant variables were selected, the response surface methodology was performed to optimize the screened medium components for the enhanced production of antifungal active substances. A CCD with five coded levels was conducted in the optimum vicinity to locate the true optimum concentrations of glucose, soybean powder and KH2PO4, which were selected through the PBD. Coded levels for independent variables are shown in Table 3 . For statistical calculations, the relationships between the coded values and actual values were described as the following equation:
where Xi was the (dimensionless) coded value of an independent variable; Ui was the real value of an independent variable; Ucp was the real value of an independent variable at the center point; and ΔUi was the step change of the real value of the variable i that corresponds to a variation of a unit for the coded value of the variable i (Kiran et al., 2008) . A 2 3 full factorial CCD was employed to investigate the three chosen variables of the medium for the production of antifungal active substances. The experiment represented in Table 4 was designed by "Design-Expert" software (version 7.0, Stat-Ease., Minneapolis, USA). The relationships of the independent variables and the response were calculated by the second-order polynomial equation:
Where Y was the predicted response, β0 was the intercept, xi and xj were the coded independent factors, βi was the linear coefficient, βii was the quadratic coefficient and βij was the interaction coefficient. The statistical software were used for regression and graphical analyses of the data obtained from the CCD. 
Preparation of the antifungal substances
The crude antifungal active substances were obtained from fermentation liquid by X-5 resin-based column chromatography and then extracted with methanol. The extraction was applied to a silica gel column, and the antifungal fraction was pooled and dried by rotary evaporation. The dried antifungal fraction (10 g) was dissolved in 100 ml of 60% ethanol at 40°C and crystallized by gradually cooling down to 4°C.
Antifungal activity assay
According to NCCLS references M38A (NCCLS, 2002) , the minimum inhibitory concentration (MIC) and the minimum fungicidal concentration (MFC) were determined by the macrodilution broth method. The doubling of the serial dilution of antifungal substances was prepared in RPMI 1640 media with concentrations ranging from 0.10 to 50 µg/ml. Recent cultures of A. flavus were used to prepare the spore suspension which was adjusted to 1.2 × 10 4 Colony-Forming Units/ml. The test wells were incubated aerobically at 30°C for 48 h and the MIC was determined. To evaluate the MFC, 100 µl aliquots from the drug dilution wells with visually recognizable growth inhibition were plated onto Sabouraud agar media. The lowest drug concentration that yielded three or fewer A. flavus colonies was recorded as the MFC.
Acute toxicity study in mice
Healthy Kunming mice regardless of sex were fasted overnight and were provided access to water ad libitum. These mice were randomly divided into five groups (n = 5/sex). Groups 1 to 4 were orally treated with antifungal substances (5, 50, 500 or 2000 mg/kg of body weight, respectively). The control group received water containing 15% dimethylsulfoxide (DMSO). All mice were monitored continuously for 24 h after dosing for signs of toxicosis. For the remainder of the 14-day study period, animals were monitored daily for any additional behavioral or clinical signs of toxicity and weekly for changes in body weight.
RESULTS
Selection of carbon and nitrogen sources
After extensive screening, the highest production of antifungal active substances was obtained when glucose was used as a carbon source. Of the nitrogen sources tested, soybean powder resulted in the highest production of active substances. However, in the case of inorganic nitrogen sources, the production of active substances was repressed. In addition, the addition of corn powder (5.00 g/l) to the production medium led to a 30 to 40% increase in the production of antifungal active Zhang et al. 75 substances.
Optimization by Plackett-Burman design
The experiment was conducted in 12 runs in an effort to screen the importance of each selected variable. The results of the Plackett-Burman design are shown in Table  2 . Regression analysis was performed on the results and the first order polynomial equation was derived by representing the production of the antifungal active substances as a function of the independent variables: Y = 3498.56 + 334.14 X 1 + 329.33 X 2 + 50.00 X 3 − 439.42 X 4
The regression coefficients and determination coefficients (R 2 ) for the linear regression model of the production of active substances are represented in Table 1 . The model was significant (P < 0.01) and R 2 = 0.9460 which indicated that 94.6% of the total variability in the response could be explained using this model. Statistical analyses of the data showed that glucose, soybean powder and KH 2 PO 4 had significant effects on the production of active substances. However, the optimal concentrations of the medium components that significantly affected the production of the antifungal active substances could not be obtained. The glucose, soybean powder and KH 2 PO 4 concentrations were selected for further optimization to achieve the maximum response.
Optimization by steepest ascent path
Based on the first model Equation 3 and regression results, the path of the steepest ascent was employed to determine the proper direction of the changing variables, that is, increasing the concentrations of glucose and soybean powder while decreasing the concentration of KH 2 PO 4 to improve the production of antifungal active substances. The concentrations of the other components were fixed. The experimental design and the corresponding results are shown in Table 5 . According to the steepest path, the response increased until reaching a point at trial 1 where the response began to decrease as seen in Table 5 . This suggests that this point was near the region of the maximum production of active substances. Therefore, the central point for the next experiment was reallocated as follows: glucose, 18.31 (g/l); soybean powder, 30.47 (g/l) and KH 2 PO 4 , 0.40 (g/l).
Optimization by response surface methodology
According to the aforementioned results, the key factors and their central points were chosen for the experimental design. Likewise, the concentrations of these key factors were optimized by the RSM. A central composite design was used to study the interactions of these variables within a range of 1.68 to +1.68 in relation to the antifungal active substances (Table 3 ). The design matrix and the corresponding experimental data are shown in 
Where, Y was the predicted yield of active substances, and X 1 , X 2 and X 4 were the coded values for glucose, soybean powder and KH 2 PO 4 , respectively. The adequacy of the response surface quadratic model was checked using an analysis of variance (ANOVA) which was tested using Fisher"s statistical analysis and the results are shown in Table 6 . The Fisher"s F-test revealed a very low P-value (P < 0.0001) which indicated that the model was highly significant. The goodness of the model was examined by the determination coefficient R 2 which was calculated to be 0.9612. Therefore, the model was able to explain more than 96% of the total variations. Tests for the lack-of-fit of the model showed that the results were significant. Despite the significance indicated by the lack-of-fit analysis, the adjusted R 2 value (0.9263) was in reasonable agreement with the very high coefficient value (R = 0.9804). This observation suggested an excellent correlation between the predicted values and the experimental results. A lower value of coefficient variation (CV = 6.42%) indicated a very high degree of precision and good experimental value reliability.
Validation of the experimental design
The optimum levels of the tested factors were obtained by applying a regression analysis on Equation 4 using SAS software. The coded values of the three factors were as follows: X 1 = 0.017, X 2 = 0.217 and X 4 = 0.422. When translating these coded values, the concentrations of glucose, soybean powder and KH 2 PO 4 were calculated as 18.61, 31.15 and 0.38 (g/l), respectively. The model predicted that the production of antifungal active substances could extend to 4938.07 µg/ml by using the aforementioned optimized concentration of each variable. Verification of the predicted values was conducted by using the optimal medium in the inoculation experiments. The practical corresponding response was 4956.28 µg/ml which was closer to the predicted response. The yield of the basal medium was 1790.25 µg/ml. The yield of the active substances was effectively enhanced 2.8 times using RSM optimization. This result showed that the experimentally determined production values were in close agreement with the statistically predicted ones which confirmed the model"s authenticity.
MIC and MFC determination
The antifungal active substances exhibited a significant activity against A. flavus. The macrodilution broth method produced MIC and MFC values of 3.13 and 6.25 µg/ml, respectively.
Acute oral toxicity study
No deaths were recorded in the 14 day period of observation of the male and female mice that were orally inoculated with up to 2000 mg/kg of the antifungal active substances. The animals did not show any changes in their general appearance during the observation period. According to the OECD guidelines for the testing of chemicals, the results indicated that the active substances did not cause any apparent acute toxicity. In addition, the body weight and food consumption were not affected by administration which suggests that the active substances did not induce appetite suppression and had no deleterious effects on health status, growth or development.
DISCUSSION
The results of PBD experiments demonstrated that glucose, soybean powder and KH 2 PO 4 had significant effects on the production of antifungal active substances from the strain BS-112. The positive effects of glucose may be associated with an increased availability of the carbon source which would be beneficial to the production of active substances through prolonging the duration of production (Zhang et al., 2006) . As shown in Table 1 , higher amounts of soybean powder resulted in Zhang et al. 77 increased production of active substances. This phenomenon may be caused by a requirement for a large quantity of substrate to synthesize the active substances. High concentrations of KH 2 PO 4 negatively regulate the production of active substances from the strain BS-112. This result was consistent with the case of other Streptomyces sp. (Du and Wu, 2007; Zhu et al., 2007) . Nawani and Kapadine (2005) reported that increased phosphate levels inhibited chitinase production and morphogenesis in Streptomyces. Thus, low KH 2 PO 4 levels were more favorable to the production of active antifungal substances when compared to high KH 2 PO 4 levels. It is possible that the high concentration of KH 2 PO 4 suppressed the growth of the BS-112 strain (Han et al., 2008) . The aforementioned results indicated that the PBD was a suitable tool to examine the effects of medium constituents on antifungal active substances production. The function of RSM for medium optimization was to find out the optimal concentrations of important components and to establish the relationship between more than one variable and a given response (Wang and Liu, 2008; He et al., 2009) . In this study, CCD was successfully applied to optimize the medium composition. The optimal concentration (glucose 18.61 g/l, soybean powder 31.15 g/l and KH 2 PO 4 , 0.38 g/l) of the crucial components for antifungal active substances production was determined. The production of active substances increased to 4938.07 µg/ml with 2.8-fold increase compared to the non-optimized medium. An empirical model (polynomial 2) was established to describe the relationships between the medium components and active substances production using statistical analysis system. It has been demonstrated that RSM could be a valuable and stable tool for the production of antifungal active substances from the strain BS-112. Another significant achievement of this study is the selection of readily available medium components and a reduced cost of medium. Therefore, with the increase in yield and simultaneous cost reduction, the industrial production of antifungal active substances from S. hygroscopicus BS-112 may be regarded as possible and economically attractive. In the optimization by response surface methodology, P-value is used as a tool to determine the significance of each coefficient which in turn is necessary to understand the pattern of the mutual interactions between the test variables. A smaller P-value is indicative of an increase in the significance of the corresponding coefficient. The parameter estimates and the corresponding P-values (Table 6) suggested that the liner terms of the soybean powder had a significant, positive effect on the production of antifungal active substances; however, the KH 2 PO 4 showed a negative effect on the production of active substances. Simultaneously, the square terms of glucose, soybean powder and KH 2 PO 4 also significantly affected the correlation of coefficients and each demonstrated P-values that were less than 0.01. Significant interactions were noted between the (µg/ml) Figure 1 . Response surface and contour plots for the effects of glucose (X1) and soybean powder (X2) on the production of the active substances.
carbon source (glucose) and the nitrogen source (soybean powder). The other interactions among the various components were not significant.
The response surface curves were plotted to understand the interactions of the variables and to determine the optimum level of each variable to achieve the maximum response (Figures 1, 2 and 3 ). Each figure represented the effects of two variables on the production of antifungal active substances, whereas the other variables were maintained at zero. These three dimensional plots and their respective contour plots provided a visual interpretation of the interaction between two factors and facilitated the location of the optimum experimental conditions. Figure 1 shows the effects of glucose concentration and soybean powder concentration on the production of active substances when the KH 2 PO 4 concentration was held at zero. We observed an increase in the production of antibiotics with increasing concentrations (within a certain range) of glucose and soybean powder. A significant increase in the production of active substances could be achieved when the amount of glucose was increased from 15.91 to 18.61 (g/l). However, active substances production decreased with further increases of glucose, which suggested that high concentration of glucose suppressed the biosynthesis of active substances. The optimal concentration value for soybean powder was 31.15 (g/l). Beyond this value, the production of active substances slightly declined. The addition of soybean powder had a tremendous effect on the active substances, compared with the effect of glucose. The circular shape of the contour plot indicated that these two factors strongly interacted. The interaction between glucose and KH 2 PO 4 is represented in Figure 2 . Changing the glucose and KH 2 PO 4 concentrations did not result in higher production of active substances. The shape of the response surface curve showed that KH 2 PO 4 had a moderate interaction with glucose. The production of active substances increased, whereas the KH 2 PO 4 concentration increased from 0.32 to 0.38 (g/l). However, further increases in the concentration of KH 2 PO 4 showed a slight declining trend in the production of active substances which was possibly due to the negative effect of increased cytoplasmic osmotic pressure (Pan et al., 2008) .
The shape of the response surface in Figure 3 indicated that no significant interaction exists between soybean powder and KH 2 PO 4 . A. flavus is an important contaminant of certain foods and animal feeds because of its ability to produce aflatoxins which are considered the most carcinogenic, mutagenic and teratogenic substances found naturally (Sanchez et al., 2005) . Besides producing aflatoxins, A. flavus is also a human pathogen causing aspergillosis and onychomycosis . Many approaches have been researched to reduce and, ultimately, eliminate A. flavus contamination and biological control is one of the more promising techniques, particularly for the near-term (Norner, 2004) . Our results demonstrated that active substances from the strain BS-112 had effective antifungal activity against A. flavus with MIC and MFC values of 3.13 and 6.25 µg/ml, respectively. A comparison with previous studies clearly showed that the active substances obtained in this study were more effective than Bacillomycin D and extracts of Agave species (Sanchez et al., 2005; Zhang et al., 2008) . In addition, the acute toxicity study did not show any toxic symptoms, changes in behavior or mortality at 2000 mg/kg dose. So the antifungal active substances produced by the strain BS-112 can be used as a biocontrol agent against A. flavus during food and feed storage.
The optimized medium composition resulted in an overall 2.8-fold increase of the production of antifungal active substances from S. hygroscopicus BS-112. These results demonstrated that antifungal active substances have the potential to be developed as biocontrol agents against A. flavus during food and feed storage. Further studies are needed on the purification and structural identification of these active substances to elucidate their antifungal mechanisms.
